Shape memory alloy (SMA) is a promising smart metallic material, which has the ability to recover its shape when heated. This characteristic enables SMA to serve as an alternative to replace conventional actuators. However, there also exist hysteresis nonlinearities and parameter uncertainties, which make SMA actuators difficult to model and control. This paper develops a gray-box identification and control approach for SMA actuators. To copy with hysteresis nonlinearities, this plant is described as an Hammerstein model, which is a cascade connection of a nonlinear function followed by a linear sub-system. Then the parameter adaptation is performed based on a robust recursive estimator, and the control law compensates the modeling error through incorporating the unmodeled dynamics estimation. The system stability is ensured and the experimental results verify the effectiveness of the proposed method.
Introduction
Shape memory alloy (SMA) is a kind of material that can happen transformation from thermal energy to mechanical energy when heated up to a certain temperature [1] . SMA actuators are suitable for miniaturization since they exhibit excellent power to mass ratio, and clean and silent actuation performance. It has been reported that SMAs have been used for applications such as biomedical engineering and robotic applications [2] . Despite of the silent features, some challenges remain to be addressed. It is known that there exist nonlinearities, uncertainties, hysteresis and difficulties in measuring intermediate variables (such as temperature). The above disadvantages make SMA actuators difficult to model and control.
To this end, the motivation of this paper is to introduce a nonlinear control scheme for SMA actuators. It is expected that the method can be used as on-line controllers, which have excellent abilities to deal with parameter uncertainties. Up to now, many efforts have been devoted to model and control SMA actuators. Romano and Tannuri [3] have proposed a robust sliding mode controller for the SMA actuator with a cooling system. Ashrafiuon and Jala [4] have derived a sliding mode controller incorporating with an extended Kalman filter. Pai, Riepold and Trächtler [5] have designed a control method by incorporating the temperature information. Tai and Ahn [6] have established a neural network based controller for SMA actuators. Wiest and Bucker [7] have proposed a hysteresis compensation strategy for antagonistic SMA actuators. Pan et al. [8] have designed an adaptive controller for a novel type of SMA actuator with increased compliance and reduced total This work is supported by the Natural Science Foundation of Liaoning Province under Grant Number 20180540131. stiffness. However, most of the existing modeling and control schemes are based on mechanism models, which may become inaccurate under system uncertainties. Other publications also consider neural networks based models, but the computational complexities are often high and the local minimum value problems remain an issue. To this end, this paper introduces a novel gray-box modeling and control scheme to copy with the hysteresis nonlinearities and parametric uncertainties issues.
Block-oriented structures [9] have a remarkable ability to model nonlinear processes, such as the electrically stimulated muscle. These models are established from linear dynamic systems and nonlinear static mappings in various forms of interconnection. One typical structure is Hammerstein models, which is a connection of a nonlinear function followed by a linear subsystem. From the physical insight, it is clear that the characteristic of SMA actuators corresponds to Hammerstein models. In this paper, based on the input current and the output displacement, SMA actuators are described as Hammerstein models. It is noted that no other intermediate variables (such as temperature) are required to be measured. Based on this structure, the model development is easier, the approximation is more precise, and the controller is adjusted on-line.
Interests in adaptively controlling uncertain Hammerstein systems have increased since last century [10] . Later, elegant modifications in adaptive control of Hammerstein systems are introduced in [11] [12] . To further improve the control effects, this brief derives a robust adaptive control scheme for a more practical system. The advantages are as follows: (i) It tolerates non-minimum phase property and open-loop instability of the linear block; (ii) It rejects nonlinear block approximation error and non-Gaussian disturbance; (iii) It employs the unmodeled dynamics as a feedback to compensate the model error. 
Problem Description
This section first introduces the mechanism model of the SMA actuator. Then from the physical insight, it is shown that the characteristic of the SMA actuator corresponds to an Hammerstein structure. Consequently, the SMA actuator can be described as an Hammerstein-type gray-box model.
Experimental setups
The experimental platform diagram of this SMA actuated system is presented in Fig. 1 , and the corresponding picture is given in Fig. 2 . The wire of SMA is the Flexinol actuator wire which is produced by Dynalloy, Inc. For this type of SMA wire, the diameter is 0.1mm and the deformations are up to 4%. The SMA wire is heated through the current gained from the V/I converter. The displacement of the SMA wire is measured by a high precision encoder. The Beckhoff ethercat terminals are used for the transformation and the conversion of data. The sample frequency is 200Hz.
A shape memory effect is a highly nonlinear hysteresis phenomenon due to the temperature and stress in the crystal structure between two different phases, which are called the austenite and the martensite. More precisely, austenite is a crystal structure that changes at the high temperature phase and martensite is a crystal structure that changes at the low temperature phase.
The characteristic of SMA actuators
The nonlinear modeling methods for SMA actuators have been an open problem. Most previous contributions describe the complicated systems by mechanism models, which usually consist of a series of sub-models. In the following, we briefly introduce one kind of mechanism model, which has been recently established by our research group in [1] . This model consists of the following parts: the thermal sub-model, the phase transformation sub-model, and the descriptions of the mechanical properties and dynamics of the system.
First of all, we consider the thermal sub-model. Based on Joule heating effect, it is obtained 2 p c a mc dT dt Ri hA T T (1) where i is the input current (the control variable); R is the resistance of the electrical wire; m is the mass of the wire; T is the temperature of the SMA wire; a T is the temperature of the ambient; h is the convection heat transfer coefficient; p c is the specific heat. The variables h and p c are temperature-dependent.
Then we consider the phase transformation sub-model. When SMA is heated or cooled, the phase transformation happens between martensite and austenite. It is noted that the phase transformation phenomenon has caused the hysteresis nonlinearities, which can be described as 6 Finally, the descriptions of the mechanical properties and dynamics of the system will be considered. On one hand, we analyze the mechanical characteristic of SMAs. For the austenite situation, the relationship between stress and strain is given by Then the relationship between stress and strain is given as follow
On the other hand, we further analyze the dynamic properties of the system. For this actuator, there exist 2 1 T r T r cxr J x r (6) 1 l l T m g m x (7) where 2 wire T A V is the contractile force of the SMA wire;
x is the displacement of the SMA wire; 1 T is the stretching force of the common wire; wire A is the cross-sectional area of the SMA; r is the radius of the pulley; c is the damping coefficient; J is the moment of the inertia; l m is the mass of the load; g is the gravitational acceleration.
Combining (6) with (7) yields that
is the stiff of the SMA; 0 l is the length of the SMA wire in full austenite; l ' is the length contraction of the SMA, which is equal to 4% of the length of the SMA wire in full martensite.
In sum, the mechanism model of the system is (1)- (8) . It is noted that the above model is established under some ideal conditions. Inevitably, there exists unmodeled dynamics when such model is applied for controller design. Thus an intuitive idea is to update the model parameters according to the current operating conditions and to compensate for the unmodeled dynamics throughout feedback control.
Hammerstein model description
In this work, a gray-box model will be used to simplify the design procedure, which is based on the input current and the output displacement.
According to the previous subsection, it is found that the phase transformation induces hysteresis nonlinearities into this system, whereas the other parts exhibit linear dynamic properties. Obviously, from the physical insight, it is seen that the characteristic of the SMA actuator corresponds to Hammerstein model, which also has a separable structure.
Let us consider the Hammerstein system depicted in Fig.  3 . The input and output are defined as ( ) u t and ( ) y t , which are measurable. From physical insights, the output denotes the displacement of the SMA wire (unit: m) and the input denotes the current signal (unit: A). Whereas the internal signal ( ) v t and the disturbance ( ) t [ can't be obtained. While the linear block is considered as an ARX model
In (10),
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From (9) and (10), we obtain
In (11), the parameters 1 2 
. In sum, the SMA actuator is described as an Hammerstein model (11) , in which the nonlinear function (9) corresponds to the phase transformation property while the linear subsystem (10) corresponds to the other linear dynamic properties.
Adaptive Control Scheme
Based on Fig. 4 , it is to produce a control input such that the output tracks the reference despite of uncertainties.
A modified criterion function
Let us consider the cost function > @
In (12), we define are p n and q n ; R is denoted as a coefficient. The above terms should be pre-designed to guarantee: Condition 1.
Nonlinear System Unmodeled Dynamics Estimation n n d for the sake of computational burden.
Recursive estimator
From the physical insight, the gray-box model (11) has uncertain parameters and unmodeled dynamics. Before the control law calculation, let us firstly consider the parameter updating issue.
Consider the extended output ( ) t b 
From (11) and (13), the extended output ( ) t b
is further written as In sum, the extended system is finally organized into the following description ( ) ( ) ( ) pre-designed as an even number. To this end, at the model formation procedure, p should be selected as an odd number, which is sure to make ( ) u t be a real number.
Experimental Study
The proposed controller with another representative one are applied to the SMA actuated system in this section.
Control schemes
The H-FC-RAC method is applied to the actuator system depicted in Figure 2 , which could be described as a graybox Hammerstein model. In this model, the output ( ) y t represents the displacement (unit: m), and the input ( ) u t represents the current (unit: A) which is constrained to the range 0 ~ 0.4.
For the parameterized Hammerstein model (11) , the orders are 2 a b n n and 3 p
; and for the controller design, these terms are pre-designed to be 1 For comparison, another control method is also applied, which is the mechanism model based feedback linearization control (MM-FLC) method developed in [1] . This control scheme has been developed based on the mechanism model discussed in Subsection 2.2. From (1)-(8), this model is described as ( ) ( )
where > @ . Thus based on this linear system, the feedback linearization control law for u can be designed, and finally the input signal can be calculated.
In sum, the experimental results for these two methods have been presented in Fig. 5, Fig. 6, Fig. 7 and Fig. 8 with the displacement (the system output) and the current (the system input).
The whole experiment is separated into three parts: (i) the set-pointing tracking tests are before 120th second; (ii) the parametric uncertainties situations are considered between 120th to 200th second; (iii) the non-Gaussian disturbances are added after 200th second.
The load is fixed as 500g in this test. Various trajectories have been considered, including the sinusoidal one (before 40th second), the triangular one (40th to 80th second) and the square-wave one (80th to 120th second).
It is seen that the control effects of the MM-FLC method is much poorer since it leads to large steady-state tracking errors. This is caused by unmodeled dynamics, especially for the hysteresis approximation errors; and what is worse, there exist severe oscillations in the control input, which may deteriorate the closed-loop stability.
As expected, the H-FC-RAC method ensures satisfactory performance under various trajectories, which indicates that this method is effective for the compensation the unmodeled dynamics.
C. Parametric uncertainties
This test assumes that there exist uncertainties on the load. More precisely, the load is fixed as 500g originally, increases to 1000g at 130th second, recovers to 500g at 150th second, increases to 1200g at 170th second and then recovers to 500g after 190th second. It can be found that the MM-FLC method is sensitive to the parametric uncertainties. This method has lead to severe overshoot and becomes ineffective when the load increases to 1200g. Such issue inevitably affects the applications.
While the H-FC-RAC method can ensures satisfactory control performance. Obviously, it leads to much smaller oscillations and recovers to the set-point after a small period of time. It has been demonstrated that the proposed method addresses parametric uncertainties effectively and ensures reliable robustness.
D. Non-Gaussian disturbance
In order to test disturbance rejection ability of these two methods, a stochastic noise has been added to this system. The non-Gaussian noise has been caused by an unknown instantaneous vertical force that is suddenly imposed on the load at 210th second.
It is found that the MM-FCL method leads to quite poor control effects under a non-Gaussian disturbance, especially during 210th to 220th second, when the noise signal fluctuates greatly.
While the H-FC-RAC method exhibits quite satisfactory non-Gaussian disturbance rejection ability. More precisely, it tracks the set-point rapidly and guarantees the tracking error within a small neighborhood.
Conclusions
Different from mechanism models and neural networks models, this work presents a gray-box model based control method for SMA actuators. From the physical insight, it is shown that the characteristic of SMA actuators corresponds to Hammerstein models. Therefore, to copy with hysteresis nonlinearities and parametric uncertainties, the plant has been described as an Hammerstein model. Then we propose an robust adaptive control scheme to address the unmodeled dynamics issue. The closed-loop stability can be guaranteed for practical applications. The experimental results show that the proposed method has great potential for robotic manipulators.
